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Local primary-and-multiple orthogonalization for leaked internal multiple
crosstalk estimation and attenuation on full-wavefield migrated images

Dong Zhang1, D. J. (Eric) Verschuur1, Mikhail Davydenko1, Yangkang Chen2, Ali M. Alfaraj1, and
Shan Qu1

ABSTRACT

An important imaging challenge is creating reliable seismic
images without internal multiple crosstalk, especially in cases
with strong overburden reflectivity. Several data-driven methods
have been proposed to attenuate the internal multiple crosstalk,
for which fully sampled data in the source and receiver side
are usually required. To overcome this acquisition constraint,
model-driven full-wavefield migration (FWM) can automati-
cally include internal multiples and only needs dense sampling
in either the source or receiver side. In addition, FWM can
correct for transmission effects at the reflecting interfaces.
Although FWM has been shown to work effectively in com-
pensating for transmission effects and suppressing internal
multiple crosstalk compared to conventional least-squares pri-
mary wavefield migration (PWM), it tends to generate relatively
weaker internal multiples during modeling. Therefore, some

leaked internal multiple crosstalk can still be observed in the
FWM image, which tends to blend in the background and
can be misinterpreted as real geology. Thus, we adopted a novel
framework using local primary-and-multiple orthogonaliza-
tion (LPMO) on the FWM image as a postprocessing step
for leaked internal multiple crosstalk estimation and attenuation.
Due to their opposite correlation with the FWM image, a pos-
itive-only LPMO weight can be used to estimate the leaked
internal multiple crosstalk, whereas a negative-only LPMO
weight indicates the transmission effects that need to be re-
tained. Application to North Sea field data validates the per-
formance of the proposed framework for removing the weak
but misleading leaked internal multiple crosstalk in the FWM
image. Therefore, with this new framework, FWM can provide
a reliable solution to the long-standing issue of imaging pri-
maries and internal multiples automatically, with proper primary
restoration.

INTRODUCTION

Internal multiples have drawn abundant interest for several dec-
ades due to the severe challenges in subsalt imaging and land data
processing, where strong reflectors generate rich internal multiples
to prevent interpreters from seeing the real geology. Many solutions
have already been brought forward for internal multiple elimination
in a data-driven manner. Inverse-scattering series-based approaches
can predict all possible internal multiples that will be subtracted
from the original data (Weglein et al., 1997). Layer-related internal
multiple elimination is capable of estimating important subsets of
interbed multiples by direct multidimensional convolution and cor-

relation of the surface data (Jakubowicz, 1998) or with the help of
redatuming operators in which an approximated homogeneous
velocity model is needed (Verschuur and Berkhout, 2005). Marche-
nko multiple elimination uses the Marchenko scheme to retrieve
artifact-free primaries and accurately estimate all orders of internal
multiples without any model knowledge and adaptive subtraction
in theory (van der Neut and Wapenaar, 2016; Zhang and Slob,
2019). All of these data-driven methods require dense sampling
in the sources and receivers, which is difficult to meet especially
in a full 3D sense. Pica and Delmas (2008) introduce hybrid model-
and data-based method for internal multiple prediction and attenu-
ation. More recently, we have come to realize that full-wavefield
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migration (FWM) including internal multiples in a model-driven
manner might show promising potential to overcome the sampling
issue in reality (Berkhout, 2014b; Davydenko and Verschuur,
2018). Specifically, FWM only needs dense sampling in either
the source or receiver side, and the modeling strategy in FWM
is redefined for imaging internal multiples. By allowing simulat-
ing transmission effects and multiple scattering in the subsurface
through full-wavefield modeling (FWMod) (Berkhout, 2014a),
FWM reproduces the true physics and can better explain the internal
multiples in the input data. Based on the estimated reflectivity
model and given the migration velocity model, FWM handles all
orders of internal multiples in a data-consistent and closed-loop
fashion, without strong sampling requirements.
Davydenko and Verschuur (2018) demonstrate good perfor-

mance of FWM on a North Sea field data set for attenuating internal
multiple crosstalk that is overlying target reflections. Although
FWM works effectively to compensate for transmission effects
and suppress the internal multiple crosstalk compared with the
conventional least-squares primary wavefield migration (PWM),
it tends to underestimate the amplitudes of internal multiples during
modeling. Therefore, some leaked internal multiple crosstalk is
often observed in the FWM image, which might be interpreted
as real geology and needs to be further attenuated. This can be
regarded as a typical signal leakage problem. Zhang et al. (2020)
propose local primary-and-multiple orthogonalization (LPMO) for
successful surface-related multiple leakage extraction. Inspired by
the aforementioned concept, we propose a novel framework using
LPMO on the FWM image for leaked internal multiple crosstalk
estimation and attenuation. PWM and FWM images are required
to provide the difference image that consists of coupled transmis-
sion effects and initially estimated internal multiples. Application to
the same Vøring field data as shown by Davydenko and Verschuur
(2018) validates the promising performance of the proposed
framework.

FWM AND ITS MODELING ENGINE FWMod

To better understand the physics behind FWM and its ad-
vantages, a brief introduction of FWM and its modeling engine
FWMod is given in this section. The objective function for FWM
can be written as follows:

JFWM ¼ 1

2

X

ω

X

shots

kd−obsðz0Þ − p−ðz0; r̂Þk22; (1)

where d−obsðz0Þ and p−ðz0; r̂Þ represent the monochromatic observed
and modeled upgoing wavefield at the surface z0 for a single shot,
respectively, and r̂ denotes the reflectivity parameter as a function
of subsurface coordinate that needs to be estimated during FWM.
Equation 1 can be augmented by an extra constraint term, for ex-
ample, a sparsity constraint. In terms of objective functions, FWM
is similar to most least-squares-type migrations and can be solved
by gradient-based approaches (Davydenko and Verschuur, 2018).
However, the unique feature and power of FWM lie in its modeling
engine FWMod, which takes multiple scattering and transmission
effects into account, based on the estimated image. First, FWMod
describes the two-way wavefield via one-way wavefields, that is,
the downgoing and upgoing wavefields. Migration velocity and re-
flectivity are decoupled to diminish nonlinearity. Multiple-scattered

reflections and transmission effects are handled at each depth level
zn in an elegant way (Berkhout, 2014a):

qþðznÞ ¼ sþðznÞ þ TþðznÞpþðznÞ þ R∩ðznÞp−ðznÞ;
q−ðznÞ ¼ s−ðznÞ þ T−ðznÞp−ðznÞ þ R∪ðznÞpþðznÞ; (2)

where p�ðznÞ, q�ðznÞ, and s�ðznÞ denote the incoming, outgoing,
and source wavefields; superscripts þ and − refer to downgoing
and upgoing, respectively; T�ðznÞ represents the transmission
matrix; andR∪ðznÞ andR∩ðznÞ represent the upward and downward
reflection matrix, respectively. Moreover, the wavefield propagation
between two adjacent depth levels zn and zn−1 is described by
propagation matrices Wðzn; zn−1Þ and Wðzn−1; znÞ:

pþðznÞ ¼ Wðzn; zn−1Þqþðzn−1Þ;
p−ðzn−1Þ ¼ Wðzn−1; znÞq−ðznÞ: (3)

Equations 2 and 3 introduce the basic ingredients of FWMod. We
recursively repeat this process from the surface to the bottom and
vice versa, referred to as one round trip. Only primary reflections
are generated during the first round trip. Multiple scattering will be
successfully modeled as the number of round trips increases. In this
way, surface-related multiples, internal multiples, and transmission
effects can be taken into account during modeling, and, via inver-
sion, the recovered reflectivity is optimized (Berkhout, 2014b).

LPMO FOR LEAKED INTERNAL MULTIPLE
CROSSTALK ESTIMATION AND ATTENUATION

LPMO has shown promising results in surface-related multiple
leakage estimation (Zhang et al., 2020). In this paper, we propose
leaked internal multiple crosstalk estimation and attenuation using
LPMO. Two clear differences from the surface-related multiple case
are (1) instead of a data-domain (e.g., shot or offset domain) esti-
mation for surface multiple leakages, the leaked internal multiple
crosstalk is estimated in the image domain, that is, the FWM image
and (2) initially estimated internal multiples are coupled with trans-
mission effects, unlike estimated surface multiples. The main ad-
vantage for image-domain LPMO is that the noise is already
canceled by the summing process in FWM and a better grip on the
internal multiples can be obtained (Wang et al., 2011). However,
FWM also changes all of the primary contributions due to the
restored transmission effects; therefore, to minimize the coupled
transmission effects on leaked internal multiple crosstalk estimation
is the new challenge. Based on the PWM and FWM images, we
rearrange the basic relations in vector notation:

rPWM ¼ rFWM þ rdiff ;

rdiff ¼ rTE þ rIM; (4)

where rPWM and rFWM denote the vectorized PWM and FWM im-
ages, respectively. The differences rdiff between two images consist
of two parts: the transmission effects rTE and the initially estimated
internal multiples rIM by FWM. Due to its tendency to estimate
relatively weaker internal multiples, the FWM image still contains
some visible leaked internal multiple crosstalk. Our goal is to use
the initially estimated internal multiples rIM to match and extract
the leaked internal multiple crosstalk in the FWM image. However,
the initially estimated internal multiples cannot be easily separated

A8 Zhang et al.
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from the difference image. Therefore, we match the leaked internal
multiple crosstalk with the differences between FWM and PWM in
a least-squares sense:

min
w

krFWM − w ∘ rdiffk22; (5)

where w denotes the LPMO weight and ∘ represents the Hadamard
product (element-by-element multiplication). With the help of a
smoothness constraint, the above unconstrained minimization prob-
lem can be solved by a shaping regularization-based inversion
scheme (Fomel, 2007b):

wþ ¼ FH ð½λ2Iþ T ðDTD − λ2IÞ�−1T DTrFWMÞ; (6)

where D ¼ diagðrdiffÞ, λ is a scaling parameter, and ½·�T denotes
the matrix transpose. Here, T , H, and F represent the triangular
smoothing, thresholding, and median filtering operators, respectively.
Note that due to the nonseparability between the initially estimated
internal multiples and transmission effects, the whole inversion
framework not only matches the leaked internal multiple crosstalk
with initially estimated internal multiples rIM, but also the primaries
in the FWM image with transmission effects rTE. However, FWM
tends to estimate stronger events to compensate for the transmission
effects, and it typically underestimates the internal multiples, which
leads to an opposite correlation in the difference image compared to
the FWM image, that is, a positive correlation for the leaked internal
multiple crosstalk and a negative correlation for the transmission ef-
fects. Therefore, we could take advantage of this prior knowledge by
using a positive-only LPMO weight through a thresholding operator.
In this way, wþ indicates the estimated positive-only LPMO weight
that is related to the leaked internal multiple crosstalk rLIM in the
FWM image:

rLIM ¼ wþ ∘ rdiff : (7)

Thus, we obtain relations for the final estimated FWM and differ-
ence images:

r̂FWM ¼ rFWM − wþ ∘ rdiff ¼ rFWM − rLIM;

r̂diff ¼ rdiff þ wþ ∘ rdiff ¼ rTE þ r̂IM; (8)

where r̂FWM, r̂diff , and r̂IM are the final estimated FWM image, dif-
ference image, and internal multiples after LPMO, respectively.

RESULTS

The Vøring field data set from the Norwegian North Sea is used to
test the proposed framework. Davydenko and Verschuur (2018) dem-
onstrate the ability of FWM for handling internal multiples on the
same data set, and detailed preprocessing steps and data information
can be found therein. Note that these data are particularly suited for
internal-multiple-related research due to a large water depth and,
therefore, the absence of surface-related multiples in the target area.
We start with the PWM, FWM, and their difference images as

shown in Figure 1a, 1b, and 1c, respectively. Generally, it is clear
that there are mostly flat layers above 2.2 km in depth and dipping
layers below this level. Due to the conflicting dips below the anti-
cline in Figure 1a ranging from 2.3 to 2.7 km, the crosstalk from
internal multiples is obvious in the PWM image, as indicated by the

arrows. Because of the modeling advantages for taking the internal
multiples and transmission effects into consideration, FWM shows
significant internal multiple crosstalk attenuation, as indicated by
the arrows from the same area in Figure 1b. Even some crosstalk
events above 2 km, indicated by the arrows, are slightly suppressed.
However, the leaked internal multiple crosstalk in Figure 1b still
hinders geologic interpretation. Figure 1c clearly demonstrates the
differences between the PWM and FWM images, where the initially
estimated internal multiples and transmission effects are visible.
Due to their opposite correlation in the difference image compared
to the FWM image, the LPMO weight related to leaked internal
multiple crosstalk can be obtained by considering a positive-only
weight (Figure 1d). The locations of the leaked internal multiple
crosstalk can be well detected in the estimated LPMO weight.
Figure 1e displays the final estimated FWM image after LPMO,
where the leaked internal multiple crosstalk is further attenuated,
especially for the areas indicated by the arrows. The same image
improves significantly when compared directly to the PWM image.
Figure 1f demonstrates the difference image after LPMO that ex-
tracts the leaked internal multiple crosstalk as shown by the arrows,
whereas transmission effects are untouched. Note that because
of the tendency of FWM to underestimate internal multiples, the
LPMO weight for leaked internal multiple crosstalk estimation
tends to be larger than the surface-related multiple case (Zhang et al.,
2020). For these data, the LPMO weight ranges from 0 to 5. Special
attention should be paid on the median filtering operator inside
LPMO because there exists a trade-off for the window size of the
median filter. The edge effect starts to become severe with smaller
window sizes, whereas the multiple attenuation performance de-
grades with larger window sizes. We use 5 × 3 samples as our win-
dow size for these field data.
To better understand the power of FWM on compensating for

transmission effects and attenuating internal multiple crosstalk and
also to better demonstrate the LPMO performance on the FWM im-
age, a zoom-in trace comparison is given in Figure 2a. It is obvious
that the FWM trace (the red line) has a stronger amplitude than the
PWM trace (the black line) especially above 2.2 km, which indi-
cates that transmission effects are taken into account by FWM.
As for the target area ranging from 2.2 to 2.5 km, the FWM trace
significantly attenuates the internal multiple crosstalk compared
to the PWM trace. However, the leaked internal multiple crosstalk
is still visible from the FWM trace, which means that the FWM-
estimated internal multiples are weaker than the real ones. The
FWM trace after LPMO (the green line) from the zoom-in trace
comparison shows further attenuation for the leaked internal multi-
ple crosstalk, while retaining all of the transmission effects, which
indicates the effectiveness of the proposed framework. We also
provide the FWM and the difference image similarity map (Fomel,
2007a; Chen and Fomel, 2015) comparison before and after using
LPMO on the FWM image in Figure 2b and 2c for a clearer dem-
onstration. It is also obvious from the similarity maps that the leaked
internal multiple crosstalk on the FWM image has been effectively
attenuated, as indicated by the arrows.
To QC the retained transmission effects, we display the negative-

only LPMO weights in Figure 2d. The negative LPMO weights
(the blue area) are in good agreement with most layer structures,
where most of the transmission effects are generated. Thus, layer-
structured primaries can be well-preserved by simply rejecting the
negative LPMO weight.

LPMO for internal multiple estimation A9
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However, using conventional L2-norm adaptive subtraction to
match the leaked internal multiple crosstalk with the difference
image will cause severe primary damage due to not accounting for
transmission effects. This is shown in Figure 2e, where the primary
damage occurs across the whole image. Moreover, some leaked
internal multiple crosstalk is still visible after L2-norm adaptive
subtraction of the difference image in Figure 1c. In addition, the
transmission effects in Figure 2f mistakenly extract the primary
energy during L2-norm adaptive subtraction. This is because the

L2-norm-based matching filter can be easily updated to match
the negatively correlated transmission effects, which usually happen
to primaries.
To test the robustness of the proposed framework using LPMO

on the FWM image, an extra experiment is applied on the same
field data set, but with 3% velocity errors. From the PWM, FWM
and their difference images in Figure 3a, 3b, and 3c, the internal
multiple crosstalk indicated by the arrows can still be attenuated
to some extent although the whole image is slightly shifted due

a) b) c)

d) e) f)

Figure 1. LPMO on the FWM image of the Vøring field data set: (a) PWM image, (b) FWM image, (c) the difference image between PWM
and FWM that includes the initially estimated internal multiples (IM) and transmission effects (TE), (d) estimated positive-only LPMO weight
related to the leaked internal multiple crosstalk in the FWM image, (e) final estimated FWM image after LPMO, and (f) the difference image
that includes the final estimated internal multiples and transmission effects after LPMO.
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to the velocity errors. Transmission effects and internal multiples
can again be observed from the difference image. By accepting
positive-only LPMO weight, the leaked internal multiple crosstalk
can be detected in Figure 3d. Figure 3e and 3f shows the FWM
and difference images after LPMO, respectively. We can observe
that the leaked internal multiple crosstalk from the final estimated
FWM image is further attenuated, whereas the estimated internal
multiples extract their leaked energy in the final estimated differ-
ence image.

DISCUSSION

The FWM methodology is a very promising method that aims
at solving a long-standing issue in imaging technology: including
the internal multiples as part of the imaging scheme. In this way,
the traditional multiple removal and the subsequent primary imag-
ing method are being replaced by one inversion-type imaging proc-
ess that handles all internal multiples on the fly. However, this
technology sometimes struggles to find the exact balance between

a) b) c)

d) e) f)

Figure 2. (a) A magnified trace comparison at 2.2 km ranging from 1.6 to 2.5 km in depth, where the black, red, and green lines denote the
trace from the PWM image, the FWM image, and the FWM image after LPMO, respectively, (b and c) local similarity maps before and after
using LPMO on the FWM image, respectively, (d) estimated negative-only LPMO weight related to the transmission effects, (e) FWM image
after conventional L2-norm adaptive subtraction of the difference image from Figure 1c, and (f) conventional L2-norm adaptive subtraction
matched difference image.
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primaries and multiples; therefore, an adaptive component from
LPMO to improve its results will be playing a crucial role in its
acceptance and success.
Regarding the general applicability of the proposed framework,

on the one hand, we are currently working on a version in which
reverse time migration (RTM) is the main engine and multiples are
explained on the fly as part of the traditional RTM-based imaging
process. From this perspective, the proposed methodology can be
applied to RTM-type methods. However, whether our proposed
methodology is generally applicable to other traditional imaging
methods depends on their own ability to handle internal multiples
during imaging. For example, conventional RTM cannot include

internal multiples during the imaging process. Thus, we cannot
directly apply our proposed framework on conventional RTM.
However, if conventional RTM is combined with any conventional
internal multiple removal technique, our proposed framework can
definitely be applicable. Specifically, the internal multiples can be
first attenuated in the data domain before RTM and then RTM can
produce an image with internal multiples attenuated. In this way,
one can obtain two RTM images with and without internal multi-
ples. Accordingly, a difference image with the estimated internal
multiples can be achieved, and the internal multiple crosstalk in
the RTM image can be further matched and attenuated using the
difference image based on LPMO. Note that the transmission effects

a) b) c)

d) e) f)

Figure 3. LPMO on the FWM image of the Vøring field data set with 3% velocity errors: (a) PWM image, (b) FWM image, (c) the difference
image between PWM and FWM that includes the initially estimated internal multiples and transmission effects, (d) estimated positive-only
LPMO weight related to the leaked internal multiple crosstalk in the FWM image, (e) final estimated FWM image after LPMO, and (f) the
difference image that includes the final estimated internal multiples and transmission effects after LPMO.
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will not be taken into consideration by conventional RTM. Still,
LPMO will outperform the L2-norm adaptive subtraction in terms
of internal multiple crosstalk attenuation due to its nonstationary
property. Besides, our proposed framework is also useful for those
model-based internal multiple removal methods as long as the esti-
mated internal multiples are available.
Although all of the examples are shown for 2D data, this frame-

work can be straightforwardly extended to the 3D case. The 3D
FWM has already been demonstrated, and the details can be found
in Davydenko and Verschuur (2017). As for LPMO, it is also
straightforward to extend to the 3D case. In fact, the LPMO formu-
las in equations 4–6 do not have any limitations on the dimension.
However, the computational cost might be an issue due to the
smoothing process inside the shaping regularization-based inver-
sion. Thus, we could still consider LPMO on 3D data in a 2D man-
ner (i.e., data slice by slice) in terms of the efficiency. An extended
image domain (e.g., by angle-dependent FWM [Davydenko and
Verschuur, 2018]) might produce even better results than the origi-
nal image domain. However, we still need to consider the issue of
the increased computational cost of LPMO from one image to hun-
dreds of image gathers. Besides, although we ignore elastic effects,
we do include multiple scattering and transmission effects that other
methods usually ignore. Note that the anelastic Q-effect is another
factor on top of the regular transmission effect, and this can be
included in our FWM method by including it in the propagator
(Alasmri and Verschuur, 2019), without influencing our proposed
framework.

CONCLUSION

We have shown that the positive LPMOweight is able to estimate
the leaked internal multiple crosstalk from an FWM image, whereas
the negative LPMO weight indicates the transmission effects. From
the Vøring field data set application, it has been demonstrated that
the leaked internal multiple crosstalk in the FWM image can be
further attenuated to a minimum by the LPMO process. The pro-
posed framework, that is, generating PWM and FWM outputs and
then using LPMO on the FWM image, should be considered as a
routine procedure for internal multiple imaging, where LPMO
could also be regarded as a QC step on the FWM image.
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